as well as the deep crural fascia. 9, 16 This strain could then be transmitted through the tissues, resulting in higher forces at the bony insertions. 9 Similarly, greater rearfoot eversion could increase strain within the Achilles tendon, a metric that has been suggested to play a significant role in the development of AT, 15, 21, 34 as the amount of strain present is a major factor in determining the time to tendon failure when the tendon is subjected to repeated loading cycles. 54 Despite these anatomic considerations, there is conflicting evidence in the literature regarding whether a high excursion and velocity of eversion are important factors for the development of these 2 injuries. While several studies have reported a greater excursion of eversion in patients with MTSS, { others have reported no differences in the amount or velocity of eversion between injured and uninjured participants. 3, 18, 35, 38 Similarly, while some authors have reported that patients with AT demonstrate a greater excursion or velocity of eversion compared with healthy controls, 13, 30, 40 others have reported no differences between injured and healthy participants. 22, 49 We hypothesize that it is not the excursion or velocity of eversion that is important for the development of injuries but rather the duration in which the rearfoot remains in an everted position throughout the stance phase. During the first half of stance, as the rearfoot everts, the axes of the transverse tarsal, cuneonavicular, and tarsometatarsal joints align, allowing the foot to become soft and flexible. 14 During the second half of stance, as the rearfoot supinates, the axes of these joints converge, turning the foot into a rigid lever for use during push-off.
14 Therefore, if eversion is prolonged beyond midstance, then push-off will begin with a soft flexible foot. This configuration may require much greater effort from the intrinsic and extrinsic foot muscles to both stabilize the foot and generate sufficient torque during push-off. 19 While the hypothesis of prolonged eversion was first proposed in 1978 19 (then termed ''prolonged pronation'' and measured by determining the period of pronation), to date, research on MTSS or AT has focused on the excursion, velocity, or time to peak eversion rather than actual measures of the duration of eversion.
Therefore, the purpose of this retrospective study was to examine whether runners with MTSS or AT demonstrate differences in foot kinematics or measures of lower limb alignment and flexibility compared with healthy controls. We hypothesized that compared with healthy matched controls, patients with MTSS and AT would not demonstrate differences in the excursion or velocity of eversion but would demonstrate a longer duration of eversion during the stance phase. We further hypothesized that there would be no differences in alignment or range of motion between injured runners and controls and no differences between the groups with the 2 injuries.
METHODS

Participants
An a priori power analysis was conducted using data previously presented in the literature. Based on differences in rearfoot eversion between patients with MTSS and healthy controls, 31 it was concluded that a minimum of 10 participants, 5 with MTSS and 5 healthy controls, would be required to adequately detect differences between these groups (effect size = 0.77; a = .05; b = .20). Similarly, based on differences in rearfoot eversion between patients with AT and healthy controls, 40 it was concluded that a minimum of 24 participants, 12 with AT and 12 healthy controls, would be required to adequately detect differences between these groups (effect size = 0.67; a = .05; b = .20).
Based on these estimates, a total of 21 injured patients, 13 currently symptomatic with AT and 8 currently symptomatic with MTSS, were recruited for this study. Injured participants were specifically diagnosed by and referred from the clinical practices of 2 collaborating clinicians: one an orthopaedic MD (S.J.) and the other a DPT (R.W.). In addition to diagnosing and referring patients, the clinicians also ruled out any other injuries. For each injured participant, a healthy control was also recruited; thus, a total of 42 participants were included in this study. Controls were matched with injured patients based on sex, weekly mileage, age, and foot strike pattern (Table 1) . Matching for the foot strike pattern was initially conducted using visual analysis and subsequently verified by calculating a strike index for each participant. 10 All control participants ran at least 20 miles per week and had not sustained a running-related injury within the previous 6 months. The protocol for this study was approved by the university's institutional review board, and all participants read and signed an informed consent form before participating.
Experimental Protocol and Instrumentation
Participants first underwent a clinical examination assessing 11 parameters describing lower limb alignment, mobility, and flexibility (Table 2 ). Detailed descriptions for performing these measures can be found in the work by Wooden.
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All range-of-motion measurements were assessed passively with a standard goniometer. Participants were barefoot for all measurements. The examination was performed by 1 of the 2 referring clinicians, both of whom have extensive experience assessing and treating injured runners.
After the clinical examination, 39 retroreflective markers were attached to specific bony landmarks. For the pelvis, thigh, and shank segments, a modified Helen Hayes marker set was used. 7, 17 For the foot, 2 markers were placed along the vertical bisection of the calcaneus with one marker on the lateral aspect of the heel counter. Rearfoot markers were placed directly on the skin and visible through holes cut in the shoe. 7 A static trial was performed, from which anatomic coordinate systems for the pelvis, thigh, shank, and foot segments were established according to recommendations of the International Society of Biomechanics (ISB). 55 Participants then completed a running gait analysis in which their whole body motion was recorded using a 10-camera motion capture system (Motion Analysis Corp) while they ran continuous laps around a short track in the laboratory. 7 Data were collected on each lap over the course of a 5-m straight section. Ground-reaction forces were measured with 3 force plates (AMTI) located in series on the straight section of the track. Motion data and ground-reaction forces were sampled at 200 Hz and 1000 Hz, respectively. Participants ran continuous laps until a minimum of 8 clean trials was recorded. A trial was deemed clean if the foot landed in the middle of a force plate with no visible signs that the participant altered his or her stride to target the force plate. For patients with AT and MTSS, their involved limb was used, while the matching limb was used for control participants. Participants ran in their own training shoes at self-selected paces, approximating their easy running pace.
Data Analysis
Three-dimensional marker trajectories and groundreaction forces were filtered with low-pass, fourth-order, zero-lag Butterworth filters using cutoff frequencies of 8 Hz and 50 Hz, respectively. A 50-N threshold in the filtered vertical ground-reaction force was used to establish the instants of foot contact and toe-off. 10 The foot strike pattern was determined using the strike index. 10 Using the filtered marker trajectories and the anatomic coordinate systems established during the static trial, custom LabVIEW software (National Instruments) was used to calculate joint angles across the stance phase. Angles were calculated using the Cardan rotation sequence recommended by the ISB. 55 From the joint angle data, 7 variables describing rearfoot kinematics were calculated (Table 3 ). In addition, the following kinetic variables were calculated from the filtered ground-reaction force data: peak anterior-posterior propulsive force, propulsive impulse, and peak vertical force. The running speed in each trial was determined using the average anterior velocity of the whole body center of mass, which was recorded across the entire 5-m straight section.
Statistical Analysis
For each dependent variable, an average of all 8 trials was used for the statistical analysis. A 2 3 2 (injury 3 group) analysis of variance was used to evaluate differences in dependent variables. Injury was a categorical variable with 2 levels: AT or MTSS. Group was also a categorical variable with 2 levels: injured or control participant. For the kinematic and kinetic variables, running speed was included as a covariate in the analysis. Effect sizes were calculated for all comparisons to aid in the interpretation of results. Effect sizes of 0.10 to 0.24, 0.25 to 0.40, and .0.40 were used to indicate small, medium, and large effects, respectively.
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A binary logistic regression was conducted to determine which variables were significant predictors of membership in the injured group. All clinical examination and kinematic and kinetic variables that demonstrated significant differences between groups were considered for inclusion; however, before performing the regression, a bivariate correlation was conducted among all combinations of these variables. Where variables demonstrated high correlations (r . 0.65), only the variable that was most correlated with the others was retained for the regression analysis. All statistical analyses were performed using Statistical Package for the Social Sciences version 21 (IBM Corp). 
RESULTS
Clinical Examination Variables
There were no significant group-by-injury interactions for any of the clinical examination variables (Table 4) . For the standing tibia varus angle, there was a significant main effect of group, with the injured participants demonstrating higher standing tibia varus angles (8.67°6 1.79°) than the control participants (6.76°6 1.75°) (P = .002; effect size = 0.58). There was also a significant main effect of group for passive dorsiflexion range of motion, with injured participants demonstrating lower dorsiflexion range of motion (6.14°6 5.04°) than the control participants (11.19°6 5.10°) (P = .002; effect size = 0.541). None of the other clinical examination variables demonstrated significant main effects of group or main effects of injury.
Kinematic and Kinetic Variables
There were no significant group-by-injury interactions for any of the kinematic or kinetic variables (Table 5 ). There was a significant main effect of group for the period of pronation, with the injured participants demonstrating a longer duration of eversion (86.02% 6 15.65% stance) than the control participants (59.12% 6 16.50% stance) (P \ .001; effect size = 0.826). The longer duration of eversion is evident in the ensemble mean rearfoot eversion/inversion curves for the control and injured participants (Figure 1 ). There was also a significant main effect of group for eversion at heel-off, with the injured participants having a more everted heel at heel-off (-6.47°6 5.58°) than the control participants (1.07°6 2.26°) (P \ .001; effect size = 1.01). None of the other kinematic or kinetic variables demonstrated significant main effects of group or main effects of injury. 
Logistic Regression
The bivariate correlations revealed that the period of pronation was highly correlated with eversion at heel-off (r = 20.711, P \ .001). Therefore, only the period of pronation, tibia varus angle, and dorsiflexion range of motion were entered into the regression model. The overall model was significant (x 2 = 20.84, P \ .001) and was able to correctly classify 81% of the participants into injured and control groups. The model indicated that the period of pronation was a significant predictor of group membership, with every 1% increase in the duration of eversion during the stance phase increasing the odds of being in the injured group by 1.08 (95% CI, 1.023-1.141; P = .006). Neither the tibia varus angle (P = .953) nor dorsiflexion range of motion (P = .342) was a significant predictor of group membership.
DISCUSSION
The purpose of this study was to compare measures of alignment and flexibility, rearfoot kinematics, and groundreaction forces between runners with AT and MTSS and healthy controls. In support of our hypothesis, injured patients did not demonstrate a greater excursion or velocity of rearfoot eversion compared with the healthy controls, but they did demonstrate a longer duration of eversion, reduced static dorsiflexion range of motion, a more everted rearfoot at heel-off, and higher standing tibia varus angles. This was true for both the AT and MTSS groups, suggesting that despite different origins, the biomechanical factors associated with these injuries are similar.
The lack of differences in peak propulsive forces, propulsive impulses, or peak vertical forces between the injured and control participants is consistent with previous studies, which have reported no differences in ground-reaction force parameters between patients with AT and healthy controls. 1, 5, 30 Additionally, there were no differences in the timing of heel-off between injured and control participants.
Taken together, these findings indicate that the injured and control participants are pushing off with similar amounts of force and at the same time during the stance phase, with the main difference between the 2 groups being the configuration of the foot while they do so. When heel-off occurs, the injured group is still everted approximately 6°, while the control group has already achieved an inverted position.
Inversion of the rearfoot is directly linked to locking of the transverse tarsal joints, which turns the foot into a rigid lever during push-off.
14 Because the injured runners were not achieving this position, it is likely that they were pushing off with a less rigid foot. It has been suggested that in this configuration, because the bony structures in the foot are not providing rigidity, additional effort is required from the extrinsic and intrinsic foot muscles to stabilize the foot. 19 Whether this extra effort is actually present, and its implications for injuries, requires further investigation. However, if the intrinsic and extrinsic foot muscles are generating higher forces, depending on how their lengths change, there could be higher strain within the tissues. Higher strains in the Achilles, or transmitted through the crural fascia to the tibia, have been suggested as mechanisms for the development of AT and MTSS, respectively. 24, 26, 27, 43, 54 To understand if or how this may be related to the development of injuries, future work should further clarify the relationships between foot kinematics and musculotendinous strain.
There is currently no consensus in the literature regarding the relationship between rearfoot kinematics and the development of AT or MTSS. While numerous authors have suggested that excessive excursion or velocity of rearfoot eversion is related to the development of these injuries, # numerous others have reported that these variables do not differ between injured and healthy runners. 3, 18, 22, 35, 38, 49 The results of the current study support the hypothesis that the excursion and velocity of rearfoot eversion may not be important for the development of these injuries, as there were no differences in peak eversion, excursion of eversion, time to peak eversion, or velocity of eversion between injured and control participants. However, there were differences in the duration of eversion, and this was the only variable that significantly predicted group membership in the logistic regression model.
To date, the duration of eversion, especially in relation to running injuries, has received little attention in the biomechanics literature. One study from 1979 (which used the term ''period of pronation'') reported that runners with a history of severe injuries demonstrated a longer duration of eversion than a group of runners without an injury history. 4 More recently, a prospective study examining rearfoot kinematics in runners who subsequently sustained an injury reported moderate effect sizes but nonstatistically significant differences in the duration of eversion between injured and noninjured runners. 23 However, this study had a relatively small sample size and included numerous injuries, not just AT or MTSS. To the authors' knowledge, these 2 studies, along with the current study, are the only studies to date evaluating the duration of eversion in injured runners. Given the conflicting results, we suggest that prospective studies are required to fully understand the relationship between the duration of eversion and running injuries.
Similar to the debate over rearfoot kinematics, the literature is currently not in agreement regarding whether anatomic alignment, range of motion, arch height, or ground-reaction forces are associated with the development of AT or MTSS. Some authors have reported that patients with MTSS 8, 42, 50, 56 and AT 30 demonstrate lower arches than controls during quiet standing, while other authors have reported no differences in the arch height between injured and noninjured participants. 22, 33, 38, 45 At the ankle, some studies have reported that patients with MTSS have a more plantarflexion range of motion compared with healthy controls, 33, 47 while others have reported no differences. 3, 18 It has also been reported that patients with AT have both a reduced 22 and greater 28 dorsiflexion range of motion than healthy controls.
The results of the current study suggest that arch height or foot range of motion may not play an important role in the development of AT or MTSS, as there were no differences between injured and control participants in the arch height index, subtalar inversion range of motion, subtalar eversion range of motion, or first metatarsophalangeal joint range of motion. However, our results do suggest that lower extremity alignment and ankle range of motion may play a role in these 2 injuries. The standing tibia varus angle has been examined in previous work comparing patients with MTSS to healthy controls, 8, 42, 50 with some suggesting that higher tibia varus angles may be related to the development of MTSS. However, to date, these studies have only shown trends and not shown statistically significant differences between groups. The results of the current study add to this literature and provide additional evidence that higher tibia varus angles may be related to the development of MTSS. However, the relationship between the tibia varus angle and rearfoot kinematics requires further clarification, as it has been suggested that patients with a higher tibia varus angle require greater amounts of compensatory pronation simply to get their foot flat on the ground. 19 Greater amounts of compensatory pronation would require a higher excursion of rearfoot eversion, a variable that was not different between injured and control participants in the current study.
The reduced static dorsiflexion in injured patients in the present study is in agreement with previous studies, which have reported a lack of static ankle dorsiflexion to be predictive of developing both MTSS 31 and AT. 22 Previous authors have suggested that a lack of dorsiflexion may be indicative of functional equinus and, similar to higher tibia varus angles, may require compensatory pronation simply to get the forefoot flat on the ground. 19 Because compensatory pronation would include additional dorsiflexion and forefoot abduction beyond what is observed in ''normal'' pronation, it may well increase the forces being applied to the Achilles tendon. This may be one possible reason why studies have reported reduced dorsiflexion as a predictor of sustaining these injuries.
There are a few limitations to the current study that must be considered in the interpretation of the results. First, this was a cross-sectional retrospective study, and participants were already injured when they were evaluated. We did not control for whether injuries were new or recurring or for the relative severity of the injury. Additionally, we did not standardize the method of diagnosis, instead relying on the 2 experienced clinicians. Thus, it is not possible to state whether the observed differences between injured and control participants were actually responsible for the injuries, were a symptom of the injuries, or were caused by other factors such as injury recurrence or severity. Second, our study population was relatively heterogeneous with a mix of 2 different injuries, male and female participants, and different foot strike patterns. There were no differences between injury groups, suggesting that the biomechanics related to these injuries are similar. However, we did not evaluate whether there were differences between male or female participants or between runners who utilized a rearfoot versus midfoot or forefoot strike. Each participant wore his or her own shoes rather than a standard laboratory shoe. Therefore, it is possible that the type of shoe may have influenced the kinematics of the rearfoot. Lastly, this study was performed in a motion analysis laboratory, not a clinical setting. Many clinical settings lack access to full 3-dimensional motion capture, and therefore, it is unlikely that they could quantify the period of pronation, as was done in the current study. However, the period of pronation was highly correlated with eversion at heel-off, and an everted heel at heel-off should be observable using simple video analysis. Thus, the position of the heel at heel-off may be a useful tool for identifying prolonged pronators in clinical settings.
One final consideration is the terminology used to describe the foot kinematics observed in the current study. Originally, these kinematics were described using the term ''prolonged pronation.'' 19 However, one could also describe these kinematics as ''delayed re-supination,'' a term that, to the best of the authors' knowledge, has not been previously used in the literature. Pronation is largely a passive action due to the relative positioning of the center of pressure and the subtalar joints and occurs with little to no muscular effort. However, supination is an active movement requiring muscular effort. Thus, while these 2 terms describe the same kinematics, they may be reflective of different underlying mechanisms, with ''prolonged pronation'' indicating an alignment or structural issue while ''delayed re-supination'' suggests a muscular issue. This is perhaps an area for future studies, as it is important that the terms used to describe the movement accurately reflect the underlying mechanisms.
In summary, this study examined whether patients currently symptomatic with either AT or MTSS, 2 common running injuries typically attributed to excessive excursion or velocity of eversion, instead exhibit prolonged eversion. Compared with healthy controls, injured patients demonstrated a longer duration of eversion, a more everted heel at heel-off, higher standing tibia varus angles, and reduced static dorsiflexion range of motion. The lack of differences in either the amount or velocity of pronation between injured and control participants, and the finding that the best predictor of AT or MTSS group membership was the period of pronation, suggests that the problematic mechanics associated with these 2 injuries occur later in the stance phase, during push-off, not during the initial loading phase early in the stance. These results have significant implications for future studies on the prevention and rehabilitation of these 2 common running injuries.
